Collections of Trichoderma were made from southwest China and examined. Four new species producing hyaline ascospores, T. fructicola, T. medogense, T. palidulum and T. virgineum, were found, and are described and illustrated. Their phylogenetic positions were allocated based on sequence analyses of the combined RNA polymerase II subunit b and translation elongation factor 1 alpha genes. Trichoderma fructicola, appearing as a lone lineage among hyaline-ascospored groups, is diagnostic by cortical tissues of textura epidermoidea, remarkable colour change of peridium in KOH, and verticillium-to trichoderma-like conidiophores. As a sister of T. voglmayrii, T. medogenseis similar to T. voglmayrii in having yellow-brown to purplish red stromata and trichoderma-like conidiophores, but differs in apapillate ostioles, subcortical tissues of textura intricata, narrow phialides, andsmaller conidia. Trichoderma palidulumis located in the Viride clade andis distinct from its alliesin stroma and colony morphology. Trichoderma virgineum is closely associated with T. henanense and T. odoratum. The three species are similar in having yellowish stromata, monomorphic ascospores, white colonies produced on three standard media, simple-branched conidiophores, and hyaline conidia for which anew clade is proposed. Morphological distinctions and sequence divergences between the new species and their close relatives are discussed.
Introduction
Trichoderma Pers. is a hyperdiverse genus with an extraordinarily high number of species. It is cosmopolitan on various substrates in a wide range of geographic distributions (Chaverri & Samuels 2003 , Kredics et al. 2010 . Some species of the genus are found to be beneficial and applied to agriculture, industry and environmental protection (Harman 2006 , Bischof et al. 2016 , Saravanakumar & Kathiresan 2014 , Adnan et al. 2017 . Recognizing its biodiversity and exploring continuously new recourses of the group attract the attention of many researchers from diverse regions of the world.
Trichoderma species are characterized by perithecia immersed in fleshy stromata of different colours, cylindrical asci with hyaline or green ascospores which disarticulate at the septum, conidiophores forming several types of branch patterns, and hyaline or green conidia (Jaklitsch et al. 2006 , Qin & Zhuang 2016c . Bissett et al. (2015) listed 254 species of the genus with either cultures or DNA sequence data available. More recently, about 40 taxa have been added to the
Materials &methods
Specimens investigated were collected from Tibet Autonomous Region and Yunnan Province, and deposited in the Herbarium Mycologicum Academiae Sinicae (HMAS). Strains were isolated from ascospores (Jaklitsch 2009) , and deposited in the State Key Laboratory of Mycology, Institute of Microbiology, Chinese Academy of Sciences.
The isolates were cultured at 25°C with a 12 h light/dark cycle on Cornmeal Dextrose agar [CMD: 40g cornmeal, 2% (W/V) dextrose, 2% (W/V) agar], potato dextrose agar[PDA: 200g potato, 2% (W/V) dextrose, 2% (W/V) agar], and synthetic low nutrient agar (SNA, Nirenberg 1976 ). Radial growth rates of colonies were measured. Morphology of asexual and sexual states was observed following Chaverri & Samuels (2003) . Photographs were taken with a Canon G15 digital camera (Tokyo, Japan) and a Leica DFC450 digital camera (Wetzlar, Germany) attached to a Leica M125 stereomicroscope (Milton Keynes, UK) for gross morphology, and a Zeiss AxioCam MRc 5 digital camera (Jena, Germany) attached to a Zeiss Imager A2 microscope (Göttingen, Germany) for anatomical structures.
Mycelium was harvested to extract genomic DNA following the methods of Wang & Zhuang (2004) . Fragments of RPB2 and TEF1were amplified with the primer pairs and method reported by Jaklitsch (2009) and sequenced at the Beijing Tianyihuiyuan Bioscience and Technology, China.
The sequences used in phylogenetic analysis were listed in Table 1 , including sixty Trichoderma species representing fifteen named clades and several independent terminal branches. They were assembled, manually adjusted and aligned using the DNAStar Seqman program 7.1.0 (DNASTAR. Inc., Madison) and ClustalX 1.83 (Thompson et al. 1997) .
Maximum parsimony (MP) and Bayesian inference (BI) analyses were conducted to allocate the phylogenetic positions of the new species. MP analysis was carried out using PAUP v. 4.0b10 (Swofford 2002) with following settings: all characters were equally weighted, gaps were treated as missing data, starting trees were obtained by random taxon addition with 1000 replicates, branchswapping algorithm was tree-bisection-reconnection (TBR), steepest descent option and MulTrees option were not in effect. BI analysis was implemented with MrBayes v. 3.1.2 (Ronquist & Huelsenbeck 2003) , and the best-fit model GTR+I+G was selected by MrModelTest v. 2.3 (Nylander 2004 ) using Akaike information criterion (AIC); Metropoles-coupled Markov chain Monte Carlo (MCMCMC) searches were run for 1000000 generations sampling every 100 generations; the first 2500 trees were discarded as the burn-in phase. The statistic supports were evaluated by maximum parsimony bootstrap proportion (MPBP) and Bayesian inference posterior probability (BIPP). Trees were viewed in FigTree v. 1.4.3 (Rambaut 2016) . 
Results

Phylogenetic analyses
The partition homogeneity test (P = 0.01) indicated that the individual partitions were not highly incongruent (Cunningham 1997) , and thus, RPB2 and TEF1 were combined for sequence analyses. The combined dataset contained 64sequences and 2437 characters (1082 characters forRPB2, 1355 characters for TEF1), of which 62sequences represented 60Trichoderma species. In the MP analysis, 1248 characters were constant, 171 variable characters were parsimonyuninformative, and 1018 were parsimony-informative. The MP analysis resulted in two most parsimonious trees, and one of them was depicted in Fig.1 (Tree length = 8970, Consistency index= 0.2591, Homoplasy index= 0.7409, Rescaled consistency= 0.1377,Retention index = 0.5314). The BI tree is similar to the MP tree in topology. The phylogenetic tree and DNA sequence alignments are deposited in TreeBASE(no. S21884).
1918
Sixty Trichoderma species representing 15named clades, a newly proposed clade, and some independent terminal branches were analyzed. All the investigated species clustered together with Etymology -The specific epithet refers to the substrate of the fungus. Stromata solitary, gregarious or aggregated in small numbers, pulvinate or discoidal, outline circular or elongate to irregular, rounded, broadly attached, pale orange-yellow when fresh, apricot yellow when mature, 0.5-2.5 mm diam., 0.4-0.7 mm thick (n = 35). Surface nearly smooth, the stroma bases surrounded with whitish hyphae. Ostiolar dots dark brown, distinct, densely distributed. Rehydrated stromata deep chrome to orange brown, darkened in 3% KOH.
In section, cortical tissue of textura epidermoidea, (12.5-)14.5-26(-29) µm thick (n = 30), cells hyaline to yellowish, thin-walled, (5-)6.5-17.5(-20) × 3-11.5 µm (n = 30), turning orange red in 3% KOH; subcortical tissue of textura intricata, hyphae hyaline, thin-walled, 2.0-4.5 µm (n = 32) wide; subperithecial tissues of textura epidermoidea, cells hyaline, thin-walled, 6.5-32 × 4.5-13.5 µm (n = 33); tissue at the base of textura epidermoidea mixed with textura intricata, cells hyaline to light yellow, thin-walled, 4.5-28 × 2.5-8.5 µm (n =30), hyphae hyaline to light yellow, thin-walled, 3-6.5 µm (n =30) wide. Perithecia flask-shaped or globose, 228-286 × 99.5-215.5 µm (n = 30); peridium pale yellow, turning orange red in 3% KOH, 5-14.5 µm thick at flanks, 9-16 µm thick at the base (n = 30). Ostioles 14-39.5(-53.5) µm wide at apex, 50-86(-94.5) µm high (n = 30). Asci cylindrical, 57.5-85 × 3-4.5 µm, with a stipe 4.5-10 µm long (n = 30). Ascospores hyaline, verrucose, cells dimorphic, distal cells globose to ellipsoidal, 1.5-3.5 × 2.5-4 µm, L/W 1-1.6(-1.9), proximal cells ellipsoidal to cylindrical, 3-5 × 1.5-2.5 µm, L/W (1.2-)1.4-2.6 (n = 41).
Colony on CMD 29-33 mm in radius after 72 h at 25 C, mycelium covering the plate after 9 d. Colony circular, margin well defined; aerial hyphae short and sparsely disposed, longer and denser towards the distal margin. Conidiation noted after 3 d on aerial hyphae. No distinct odor and diffusing pigment observed.
Colony on PDA 27-31 mm in radius after 72 hat 25 C, mycelium covering the plate after 9 d. Colony nearly circular, zonate; aerial hyphae cottony. Conidiation noted after 1 d on aerial hyphae near the plug. No distinct odor and diffusing pigment observed.
Colony on SNA 8-9 mm in radius after 72 h at 25C, 25-30 mm after 13 d. Colony irregular, thin, margin diffuse; aerial hyphae loosely disposed. Conidiation noted after 3 d on aerial hyphae. Conidiophores verticillium-to trichoderma-like, branches paired, unpaired, or with up to 4 branches in a whorl around the main axis at an acute or right angle, generally re-branching 1 or 2 times. Phialides subulate or ampulliform, solitary or divergent in whorls of 2-6, 5.5-25.5 × 2-3.5 μm, L/W 1.8-8.7, base 1.5-3.2 μm (n = 43). Conidia pale green, globose, oblong or ellipsoid, 2.5-4.5 × 2-3 μm, L/W 1-2 (n = 30). No distinct odor and diffusing pigment observed. Notes -Trichoderma fructicola is diagnostic by the cortical tissues of textura epidermoidea, remarkable colour change of peridium in KOH, hyaline ascospores, verticillium-to trichodermalike conidiophore branching pattern, and occurrence on a rotten fruit. Sequence analyses indicate that the fungus forms a separate phylogenetic lineage. Sequence comparisons (NCBI database: https://www.ncbi.nlm.nih.gov/) reveal that the new species shares 95% similarity with that of T. strictipile (54 bp divergences among 1030 bp in the region ofTEF1); it has 92% identity to T. taxi but is with 92 bp differences among 1089 bp for the fragment of RPB2. Etymology -The specific epithet refers to the type locality of the fungus. Stromata solitary or gregarious, pulvinate, discoidal or turbinate, outline circular or variable, centrally attached, margin usually acute and sometimes slightly upwards, yellowish brown, reddish brown or purple red, 0.5-3 mm diam., 0.2-0.5 mm thick (n = 30). Surface smooth. Ostiolar dots inconspicuous. Rehydrated stromata English red, becoming reddish brown in 3% KOH.
In section, cortical tissue of textura angularis, 8.5-13.5 µm thick (n = 33), cells orange, thick-walled, 2.5-8.4 × 1.9-5.8 µm (n = 55), no color change in 3% KOH; subcortical tissue of textura intricata, hyphae compacted, hyaline to slightly orange, thin-walled, 2.5-5 µm (n = 43) wide; subperithecial tissues of textura epidermoidea, cells hyaline, thin-walled, 7.5-20 × 5-14.5 µm (n = 30); tissue at the base of textura intricata, hyphae hyaline, thin-walled, 1.5-4 µm (n =34) wide. Perithecia flask-shaped or globose, 107-210.5 × 67.5-210 µm (n = 30); peridium hyaline to orange, 6-11.5 µm thick at flanks, 7.5-15 µm thick at the base (n = 30). Ostioles 12.5-20 µm wide at apex, 37.5-55 µm high (n = 30). Asci cylindrical, 59-77.5 × 3-4.5 µm, with a stipe 3.5-13.5 µm long (n = 30). Ascospores hyaline, verrucose, cells dimorphic, distal cells subglobose to oblong, 2.5-3.5 × 2-2.5 µm, L/W 1-1.5(-1.6), proximal cells oblong to ellipsoidal, 2-3.5 × 1.5-2.5 µm, L/W (1.1-)1.3-1.8(-2) (n = 50).
Colony on CMD 39-53 mm in radius after 72 h at 25 C, mycelium covering the plate after 5 d. Colony circular, whitish, reverse side yellowish; aerial hyphae distributed homogeneously and intertwined, forming whitish c. 0.1-0.5 mm diam. granules after 7 d near the plug. Conidiation noted after 2 d on aerial hyphae. Conidiophores trichoderma-like, branches at an acute or right angle to the main axis, generally re-branching 1 or 2 times. Phialides subulate or ampulliform, solitary or divergent in whorls of 2-6, 7-19 × 2-3.5 μm, L/W 3-6.5(-7), base 1.5-3(-3.3) μm (n = 54). Conidia hyaline, globose to ellipsoid, 2-3.5(-5) × 1.5-2.5 μm, L/W 1-1.6(-2.1) (n = 37). Odor coconut-like; pigment yellowish.
Colony on PDA 45-53 mm in radius after 72 hat 25 C, mycelium covering the plate after 5 d. Colony circular, slightly zonate, reverse side yellowish; aerial hyphae dense, forming granules after 7 d in the concentric zones. Conidiation noted after 2 d on aerial hyphae near the plug. Odor coconut-like; pigment yellowish.
Colony on SNA 12-19 mm in radius after 72 h at 25C, covering the plate after 7 d. Colony circular, thin; aerial hyphae loosely disposed. Conidiation noted after 2 d on aerial hyphae. No distinct odor and diffusing pigment produced. Notes -As the sister of T. voglmayrii, T.medogense forms yellow-brown to purple red stromata and trichoderma-like conidiophores which are similar to T. voglmayrii, but ostioles apapillate, and subcotical tissue of textura intricata are apparently diagnostic. In addition, the phyalides of T. voglmayrii are wider [(5.5-)7.2-12.2(-16.5)× (2.7-)3.2-4.1(-4.7) μm], its conidia are larger [(3-)3.5-6.5(-10.5)× (2.2-)2.6-3.3(-4.2) μm], and crystals producing on CMD medium (Jaklitsch et al. 2005) were not observed in T.medogense. As sequence divergences are concerned, 82-86 bp and 151 bp differences among 1073 bp and 1314 bp for RPB2 and TEF1respectivelyare detectedbetween the two fungi. They cannot be conspecific. Stromata solitary or gregarious, pulvinate, outline irregular, broadly attached, margin free, yellowish brown, 0.5-1.5 mm diam., 0.2-0.5 mm thick (n = 70). Surface smooth. Ostiolar dots inconspicuous or slightly dark areola. Rehydrated stromata turning reddish brown in 3% KOH.
In section, cortical tissue of textura angularis, 13.5-22 µm thick (n = 30), cells slightly orange, thick-walled, 2.5-6 × 2.5-4 µm (n = 30), becoming darkened in 3% KOH; subcortical tissue of textura intricata, hyphae hyaline, thin-walled, 1.5-4.5 µm (n = 30) wide; subperithecial tissue of textura epidermoidea, cells hyaline, thin-walled, 8.5-27 × 5.5-12 µm (n = 33); tissue at the base of textura angularis and textura intricata, hyphae hyaline, thin-walled, 2.5-6.5 µm (n =30) wide, cells hyaline, thin-walled, 4.5-11 × 4-8.5 µm (n = 30). Perithecia flask-shaped or globose, (153.5-)174.5-228.5 × (99.5-)112.5-166 µm (n = 30); peridium hyaline, 8.5-14 µm thick at flanks, 9.5-17 µm thick at the base (n = 30). Ostioles 16.5-29 µm wide at apex, 41.5-66.5 µm high (n = 30). Asci cylindrical, 66-82.5 × 3.5-6 µm (n = 31), sessile. Ascospores hyaline, verrucose, cells dimorphic, distal cells globose to subglobose, 2.5-4.5 × 3-4.5 µm, L/W 1-1.3, proximal cells subglobose to ellipsoidal, 3-5 × 2.5-3.5 µm, L/W 1-1.5 (n = 37).
Colony on CMD 36-45 mm in radius after 72 h at 25 C, mycelium covering the plate after 5 d. Colony circular, greenish; aerial hyphae abundant in the distal part of the colony. Conidiation noted after 3 d on aerial hyphae. Pigment yellowish, no odor formed.
Colony on PDA 37-40 mm in radius after 72 hat 25 C, mycelium covering the plate after 5 d. Colony nearly circular, slightly zonate, greenish; aerial hyphae short, erect, and downy. Conidiation noted after 3 d on aerial hyphae. Pigment yellowish, no odor formed.
Colony on SNA 8-15 mm in radius after 72 h at 25C, covering the plate after 28 d. Colony nearly circular, thin; aerial hyphae loosely distributed. Conidiation noted after 3 d on aerial hyphae around the plug. Conidiophores verticillium-to trichoderma-like, branches arising from the main axis at an acute or right angle, mostly re-branching once. Phialides subulate or ampulliform, solitary or divergent in whorls of 2-5, 6.5-14 × 2-3 μm, L/W 2.9-7.2, base 1-2.5 μm (n = 45). Conidia green, subglobose to ellipsoid, 3.5-5 × 2.5-3.5 μm, L/W 1.2-1.5(-1.7) (n = 36). Pigment yellowish, no odor formed. Notes -The new species shares common ancestor with T. petersenii, T. istrianum and T. caribbaeum (Fig.1) . Trichoderma petersenii and T. istrianum are easily distinguished from T. palidulum by velvety and semi-effused stomata, and larger perithecia [(166-)190-375(-485 , Jaklitsch & Voglmayr 2015 .In T. caribbaeum, the stromata do not react to KOH, cortex is thicker (20-35 μm), subcortical tissue is of textura angularis instead of textura intricata, and the growth is faster than that of the new species (on PDA: 53-56 mm after 72 h, on SNA: 41-42 mm after 72 h) ). There were also sequence divergences with 59-60 bp differences for TEF1 (95%) and 26-29 bp divergences for RPB2 (98%). Etymology -The specific epithet refers to the white colony of the fungus. Stromata solitary, gregarious, or aggregated in small numbers, pulvinate or lenticular,outline circular, lobed, or irregular, centrally attached, pale bright yellow when fresh, raw sienna when mature, 1-3.5 mm diam., 0.5-1mm thick (n = 40). Surface nearly smooth. Ostiolar dots dark brown, distinct, densely distributed. Rehydrated stromata turning antique brown in 3% KOH. In section, cortical tissue of textura angularis, 12-18 µm thick (n = 30), cells yellowish brown, thick-walled, 2.5-9.5 × 2-6 µm (n = 30), becoming rufous in 3% KOH; subcortical tissue of textura intricata, hyphae hyaline, thin-walled, 2-3.5 µm (n = 39) wide; subperithecial tissue of Notes -In Fig.1 , T. virgineum, T. henanense and T. odoratum formed a clade which is not closely related to any of the existing clades. These three species are similar in yellowish stromata, monomorphic ascospores, white colonies, simply branched conidiophores and hyaline conidia (Qin & Zhuang 2016c) . However, T. odoratum differs in projecting, higher and wider ostioles [projecting by (8-) 
Discussion
Phylogenetic analyses of the 60Trichoderma species were carried out based on analyses of the combined sequences ofRPB2 and TEF1to allocate the phylogenetic positions of the four new species. The analyses included representatives of almost all the named clades of the genus and some scattered terminal branches. The resulted tree (Fig.1 ) is basically congruent with the previous studies (Jaklitsch 2009; Jaklitsch &Voglmayr 2015; Qin & Zhuang 2016c; Zhu & Zhuang 2015a,b) , in which 15clades were recognized with five possessing green ascospores, and ten giving rise to hyaline ascospores. The four newly described species are among the hyaline-ascospored groups. One of them belongs to the Viride clade, two are as separate terminal branches, and one clusterswith two knownspecies forming a new clade.
Trichoderma fructicola, featured by cortical tissues of textura epidermoidea and occurring ona rotten fruit, isseemingly associated with the Hypocreanum and Psychophilum clades, which Nevertheless lacks of sufficient support (Fig.1) . Trichoderma medogense is closely associated with T. voglmayrii (MPBP/BIPP = 100%/100%).They formed a small but highly supported group (MPBP/BIPP = 100%/100%).They both occur at high elevation sites, and have similar stroma color and conidiophore branching pattern. This new fungus is clearly distinguishable in structure of subcortical tissues, shape of phialides, and especially size of conidia. Trichoderma palidulum shares some common features with others in the Viride clade, such as brown to rufous stromata with inconspicuous ostiolar dots, hyaline ascospores, and green conidia. In the phylogenetic analyses, it is associated with T. petersenii, T. istrianum and T. caribbaeum, but differs significantly in many other aspects as already mentioned in the notes.
The regional monographic treatments of Trichoderma species having hyaline ascospores were carried out by Jaklitsch (2011) and Jaklitsch & Voglmayr (2015) . The hyaline-ascospored species of the genus were in ten clades, including the recently added Asterineum clade specialized by ostiolar dots surrounded by stellate cracks. Among the known species, T. virgineum shares phenotypic similarity with T. odoratum and T. henanense, and is closely related to them with high statistic supports(MPBP/BIPP = 100%/100%).These three species are common inyellowish stromata, white colonies on three standard media, monomorphic ascospores, acremonium-or verticillium-like conidiophores, and hyaline conidia. The Virgineum clade is here proposed. Among the existingclades, the Hypocreanum clade forms also simple conidiophore branch patterns and hyaline conidia, however, speciesof that clade have extensively effused stromata and mostlypossess vertically parallel and warted hyphae above stroma surface (Overton et al. 2006) . It is remotely related to the Virgineum clade (Fig.1) .
Many new species of Trichoderma have been published successively based on the materials collected from this country in the past four years (Zhu & Zhuang 2014 , 2015a ,b, Qin & Zhuang 2016a ,b,c, 2017 , Chen & Zhuang 2017a . We believe that more taxa will be discovered in the unexplored regions, which will definitely renew our understanding of species diversity, resources, taxonomy and phylogeny of the genus, and which will certainly broaden our knowledge of application of useful fungal resources.
